In the covariant oscillator quark model (COQM) the squared-mass spectra of cvnfined meson and baryon systems are described by harmonic oscillators. In this work we propose a hypothesis of universal spring in COQM, which predicts the respective values of oscillator quanta in terms of constituent quark masses and a spring constant. In the previous work we have examined the universality within the meson system. In this work we shall examine the universality, further, in the baryon system by comparing the predicted orbital Regge trajectories in the respective flavor channels with experiments. The spring constants in the meson and baryon systems are related mutually by a color factor obtained through heuristic arguments. It seems to us that our universality is realized experimentally for the light-quark baryons, while for the heavy-flavored baryons the experimental knowledge is too poor to lead to any definite conclusions. § 1. Introduction
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The observable hadron world is described by the strong interaction, which is now generally believed to be derivable from quantum chromo-dynamics (QCD). However, QCD is the dynamics of the confined quark-gluon world. Since we have no established rigorous method of treating the bound states relativistically and the corresponding numerical lattice calculation is still in a primitive stage, the direct way to the strong interaction from QCD seems to be narrow and distant. Necessarily we must anyhow resort to indirect ways, QCD-simulated models, to make any quantitative analysis of the non-static properties of hadrons. Most typical ones are various kinds of quark potential models (QM): The non-relativistic QM is applicable only to static problems, but obviously not to non-static problems such as hadron reactions, where a covariant treatment is required.
The difficulty is most seriously seen in treating the electromagnetic (EM) processes of hadrons, where it is indispensable to get the conserved effective currents described in terms of "observable" hadrons themselves, and in doing so the covariant description of the center-of-mass motion of hadrons is necessary. This difficulty still remains in the semi-relativistic attempts 1 l and even in the covariant approaches, 2 l based upon the constraint dynamics, which can, by taking into account the effect of relativistic motion properly, describe the spectra of light-and heavy-quark systems in a unified way. A similar remark is also applicable to the heavy quark effective theory 3 l which is receiving much attention recently. This point has been one of the most important motives for the covariant oscillator quark model*> (COQM), where hadrons are defined as Fierz components of multilocal fields which satisfy a covariant equation heuristically derived.
There all kinematics and effective interactions are expressed, in a manifestly covariant way, in terms of observable hadron variables, which are reflecting constitu· ent quark properties. It may be notable that the two important phenomenologicallyestablished properties of hadrons, linearly-rising orbital Regge trajectories and power-damping asymptotic behaviors of EM form factors, are reproduced intrinsically in COQM.
For these two decades since our first work 6 > we have applied it to various problems with successful results. However, our applications have been, until recently, limited mainly within the light-quark hadron systems.
In a previous work 7 > we proposed, in the framework of COQM, a hypothesis of universal spring, which predicts the respective values of osdllator quanta in the meson systems in terms of constituent quark masses and of a universal spring constant independent of quark flavors. The prediction was compared systematically with experiments, leading to satisfactory results. In this work we shall extend the universality to the baryon systems, where the spring constant is related with that in the meson systems by a color factor, and examine its physical implications. Actually the predicted slopes of orbital Regge trajectories in the various flavored baryon systems will be compared to the presently available experiments.
In § 2 we shall review shortly the essential framework of COQM and give only necessary formulas in so far as required for the applications in this work. The detailed derivations and convenient formulas are given in Appendices A and B. For completeness the corresponding formulas for meson systems, which were given in the previous work,7l are also recapitulated in § 2. In § 3 the phenomenological analysis of the universality in the baryon system is made. The conclusion and some remarks are given in § 4. § 2. Mass operators for confined meson-and baryon-systems in COQM and universal spring
General framework of COQM
The general framework of non-relativistic quark models (NRQM) may be called the LS-coupling scheme, where L(S) denotes the NR quark orbital (spin) angular momentum. Historically NRQM was proposed with the three light quarks known at that time, and their general framework was called the SU(6)Fs00(3)L scheme, where SU(6)Fs represents the symmetry for an amalgamated three light-flavor and Paulispin space. Presently also with heavy quarks it has the symmetry scheme of FQ90(3)L0SU(2)s, F denoting the corresponding flavor symmetry. The general framework of COQM may be called the boosted LS-coupling scheme, where the quark orbital angular momentum and the quark spin are boosted separately, and has the symmetry of F0(Boosted-0(3)L)0(Boosted-SU(2)s). Here the 3-dimensional oscil-lators on the quark space-coordinates are extended to the 4-dimensional ones on the space-time coordinates and the NR Pauli spinors are extended to some covariant spinors.
Space-time wave equation of meson and baryon
In COQM a system of-mesons and that of-baryons are represented unifiedly by a bilocal field and by a trilocal field, respectively, which are supposed, concerning its space-time part, to satisfy the equation (with n=2(3) for the former (latter)) as
where the first (second) part represents a kinetic (confinement potential) term, the x/s and the m/s are the space-time coordinates and the constituent masses of relevant quarks or anti-quarks, respectively. These bilocal and trilocal fields are supposed, concerning the spinor parts, also to satisfy the respective Bargmann-Wigner equations. These equations are, needless to say, manifestly Lorentz-covariant. In Eq. (2 ·1) the confinement potential is taken to be of the four-dimensional · Hooke-type and given as for mesons; U(xl, Xz) = ~ Kz(XI-xz),.. 
Mass operator and wave function for meson system
In the bilocal case Eq. (2·1) is rewritten, introducing the center-of-masscoordinate X,.. and the relative one x,.., as
with the squared-mass operator of the form
where ( X,..)= M(x1,..) ,
In terms of the oscillator variables which are defined by 
As is well-known, the "redundant" relative-time oscillator in Eq. (2·7) causes to make a serious difficulty, namely, the existence of space-like solutions with (mass?< 0. This difficulty may be resolved by making the relative time freedom "frozen" by supposing 
The explicit form of space-time wave function for the ground state with definite total momentum P, ([Jc<PlX, p, ;\)=<X, p, ;tiG(P)> is given as
This function has a desirable asymptotic behavior on the relative time, and leads 9 l to phenomenologically desirable baryon form factors.
Orbital Regge trajectories of meson and baryon systems
As is shown in Eqs. (2·14) and (2·25) the squared-mass spectra of mesons and baryons are given in terms of the oscillator quanta Q and the number of the corresponding excited quanta in the respective systems. Through these equations we may derive various kinds of hadron-mass trajectories. In the case of leading orbital Regge trajectories, which we are only concerned with in this work, the N's become equal to the L's (L being the quantum number of orbital angular momentum), and we are led to the formulas:
In Appendices A and B are given some elementary but useful formulas concerning the diagonalization of mass operators and the angular momenta in the COQM.
A universality of spring constant and flavor dependence of oscillator quantum
In our scheme the oscillator quanta Q are dependent upon, in addition to constituent quark masses, a spring constant K which may, in principle, have some flavor dependence (see Eqs. (2·8) and (2·19)). In the previous work 7 l we introduced a physical postulate, concerning the meson system, "The spring constant of Hooke-type potential is a universal constant independent of quark flavors", and had shown that it may be realized phenomenologically. Now we extend more generally the above postulate:
(P) The spring constant K is a universal constant independent of quark flavors through the meson and baryon systems except for some color factors.
Thus in our scheme the oscillator quanta, the inverse Regge slopes, in the respective meson and baryon systems have a flavor dependence only through quark masses in Eq. (2 · 8) and in Eq. (2 ·19), respectively.
Correspondence of COQM to QCD and a relation between meson and baryon spring constants
Now we shall derive an important relation between the oscillator quanta of meson and baryon systems, by considering the correspondence of COQM to QCD. We simply suppose that the COQM is describing effectively the confined system of QCD. Considering an example of meson system, in the conventional approaches the linear string-type confinement potential, U = blxl, is applied for mass itself; while in our approach the spring-type potential d · U =(d/2)Kx/ is chosen for squared mass. Thus we may expect that the two approaches lead to effectively equivalent results in the sufficiently separate region of constituents, while to different results in the close region. Regarding simply the two terms, (blxl? and (d/2)Kx/ to be equivalent we obtain the relation (2·29)
Here we should like to note that our seemingly valid hypothesis of universal K implies that the string constant b in the conventional approaches should be better regarded such a flavor-dependent (contrary to flavor independent in the conventional cases) constant as in Eq. (2·29), at least, in our relevant region of mass spectra. Now we shall argue the relation between the spring constant Kz in the meson systems and K3 in the baryon systems. About two decades ago, when only three light-flavors had been known, it was generally believed to be a phenomenological fact 6 l,lOJ that the Regge slope in the meson and baryon systems is a universal constant. This means in our present scheme for the system consisting of only nuclear quarks that Qz (Eq.(2·9)) for the meson system and Q3 (Eq.(2·21)) for the baryon system are almost equal, that is,
Regarding the approximate number 2 in the last line as an exact one, we are led to the relation as (2· 31) A possible theoretical reason for the heuristic number C 2 =1/4, may be supplied from the QCD. It is plausible that the string tension b is proportional to the expectation value of the color Casimir operator < T1· Tz>, in the relevant pair-quark states mutually bound by the string. Then it is well-known that
reflecting the pair quarks in the meson (baryon) systems are in the color-1 (color-3*) states. Then, considering that Eq. (2·29) implies the spring constant K is proportional to the square of the color Casimir factor of the two relevant quarks bound by the spring, we are led to Eq. (2 · 31).
In the phenomenological analysis in the next section, § 3, we shall suppose the relation (2·31). § 3. Phenomenological analysis of the universality in baryon system
As was shown in § 2, the mass spectra of confined meson and baryon systems are described by the 3-dimensional harmonic oscillators (2 ·14) and (2 · 25), respectively, in our scheme. The respective oscillator quanta Q are determined by the relevant quark masses mq and a universal spring constant K. Accordingly, the leading orbital Regge trajectories are given by straight lines with respective slopes Q-1 (see Eqs. (2·27) and (2·28)). In this section we shall examine this prediction phenomenologically.
Review of the universality in meson system and fixing the values of parameters
In the previous work we examined the universality in the meson systems, where the quark mass values were fixed simply as the half of corresponding vector quarkonium masses (in Ge V):
In this work we extend our considerations to the meson systems with top-quark by adopting tentatively the value of top-quark mass reported 11 
Then by using Eqs. (2·8) and (2·9) we can predict all the Q values in any quark-flavor meson systems, which are collected in Table I . · It had been shown that these predicted values of Regge slopes are satisfactorily reproduced experimentally, so far as concerns present experimental knowledge. 
Values of oscillator quanta in baryon systems
The oscillator quanta Q in respective baryon systems are represented in Eq. 
which is obtained by using the color factor Eq. (2·31). The values of Q, thus obtained, in all possible quark-flavored baryon systems are collected in Table II .
Present status of observed light-quark baryons and their assignments
We are interested in the orbital Regge trajectory, that is, the squared-mass spectra versus the orbital angular momenta, in the baryon system. As a matter of fact our mass operator Eq. (2·28) describes the mass spectra of unperturbed confined baryon system. As is well known, the actual mass spectra are affected by the perturbative QCD effects. Their main effects are the ones due to spin-independent central Coulomb-like potential; which affects by a fair amount the mass spectra of (ground and radially excited) S-wave states, while by a little the spectra of orbitally excited states. 16 J This fact, in addition to our general framework of the LS-coupling scheme, implies that the "ideal" leading orbital Regge trajectories for the confined system are well (except for the point of S-wave state) approximated by the corresponding trajectories for the physical system of baryons with a definite LSassignment. Thus it is necessary to assign the "approximate" L and S to the observed baryons with the definite, quantum numbers r, ](P) being their spin (parity). For this purpose we shall follow the conventional way of SU(6) X 0(3) classification. First for convenience we show the possible states with the quantum (10, 4) Ll ( 
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By recourse to the above background we have classified all the observed light-quark baryons listed 12 l in Particle Data Group Booklet 1992 into the SU(6) X 0(3) multiplets. Here it should be noted that we are relevant not to the detailed assignments, but only to the assignment of (LP, S). Actually the classification is not unique, and has no exact meaning, since a physical observed baryon with definite quantum number r is a mixed state of all relevant members of the multiplets. In the case where there occurs any ambiguity in the classification, we have done it in view of most favorable mass values to our scheme. Our viewpoint of approximately goodL-and S-quantum numbers seems to be supported experimentally as will be seen in the figures given shortly. Needless to say, the assignments should be confirmed by investigating the decay properties of particles.
The results are given, separately, in Table IV for the states with small N-values, N 5.2 (where exist rather many candidates), and in Table V for the states with large N-values, N"?:.3 (where only a few candidates exist). The radially excited states, which are irrelevant to the present purpose, are also given in these tables in order to show the general status of observed baryons.
Leading orbital Regge trajectories of light-quark baryon systems
By using the assignment given in Tables IV and V, 
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OP=1. Figs. 1(a), (b) , (c), (d), (e) and (f). In these figures we have simply plotted the "central" mass-squared (reported in the Review 12 l of particle properties) versus the assigned L-value of the observed baryons: The data points with 5=1/2 and 5=3/2 ar.e discriminated from each other. The lines represent our theoretical trajectories with the predicted slopes given in Table II . They start from the respective lowest-mass states; the S-wave state generally and the "]-averaged" P-wave state for N(S=3/2), LJ(S=1/2) and A(S=3/2) trajectories. In these figures the "status" of the observed baryons 12 l is also shown; the "one-and two-star" baryons are denoted with the double and single brackets, and the established three-and four-star baryons are without brackets, respectively.
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In order to see the accuracy of data points, we have shown, taking the examples of N-system ( Fig. 1(a) ) and Ll-system ( Fig. 1(b) ), the range of (massY-value of respective particles by the error bars; the ones with horizontal small bars correspond to the ranges of "our estimate" in Ref. 12) , and the ones without it represent the ranges between the lower limit of the lowest mass-value and the higher limit of the highest mass-value of the respective observed baryons, reported in Ref. 12) .
Leading orbital Regge trajectories of heavy-quark flavored baryon systems
Only a few of heavy-flavored baryons have been observed/ 2 l which are collected in Table Vl Fig. 2(a) we see that it is consistent with our predicted line and may be the il-excited P-wave state with lower mass.
"]-averaged" leading orbital Regge trajectories of light-quark baryons
As is seen in the figures for light-quark baryons (Fig. 1) . Our viewpoint of approximately good L-and S-quantum numbers seems to be supported experimentally. In order to see more clearly, by making use of this fact, the experimental status of "ideal" leading orbital trajectories, we define a new representative data point, "]-averaged" point, which corresponds to the average value of squared mass, with a weight factor of (2] + 1), within all the observed states with the same (L, S) for each given-flavor system.
This "]-averaging" operation removes the various kinds of spin-dependent perturbative QCD-effects such as 
L·S, L·S; (i=1,2,3), La·S (a=p,l1), La·S;
(3·5) where i\;=rz:;/lrz:;l(rz:; being a relative space-coordinate vector between constituent quarks, i and j). For reference we shall give the proof in Appendix C. The experimental status of "ideal" leading orbital Regge trajectories of ]-averaged data point, thus obtained, is shown in Figs. 3(a) and (b) , respectively, for the N-and Ll-system (nnn), and the A-and 1:'-system (nns). The "]-averaged status" shown in these In these figures are also given our theoretical lines which start from the respective S-wave ground states.
Discrimination of p-and A-trajectories
As was discussed in the previous subsections and shown in Table II , the values of oscillator quanta QP and Q;. for p-and).,. excitations are generally different, and lead to the different orbital Regge trajectories. Here we shall give some arguments to read respective values of these two quanta from the experimental data points, generally being the mixed states with p-and/ or tl-excitations. Before going to detailed arguments we note that the values of QP and Q, are generally largely different from each other in the heavy-flavored system as is seen in Table II , while not so much different in the light-quark system, comparing to the scale of possible perturbative QCD-effects. Accordingly the number of each excited quanta NP and N, may be approximately a very (not so much) good quantum number in the former (latter) system. Contrary to the above theoretical situations, the experimental knowledge is rich (poor) in the light-quark (heavy-flavored)) system.
Firstly concerning the nns-system, a consideration of quark-statistics leads to a fact that the first excitations from the lowest-mass state to the second-lowest one of the 5=3/2 A, I; and E systems (from the P-state to the D-state in the A system, and from the 5-state to the P-state in the I; and E system) are all of the ;\-excitations.
In Figs. 4(a) and (b) we have shown the separate ]-averaged Regge trajectories for the A-system and for the 2:-system, respectively. As for the E system, since present experiments are too poor, only the one in the original Fig. 1 (e) may be referred to.
It seems that the respective first-exicted data points in the A and I:(E) systems are closer to the ;\-trajectories (p-trajectory) than to the p-trajectories (;\-trajectory), although no definite conclusion is obtained, considering the experimental accuracy.
Secondly concerning the heavy-flavored nnQ-system ( Q denoting any heavy quark), the above arguments on the A, I; and E systems are valid also in the AQ-, I:Q-, and EQ-systems. However, regrettably are there few available data points except for the ground states, Ac, I:c, Ec, Qc, Ab, and only one first excited state At(2627), recently reported.
13 > The ground state Ac(2284) has uniquely 5=1/2, while the first excited state At(2627) has the two possibilities, the case 5=1/2 and p-or ;\-excitation, or the case 5=3/2 and p-excitation. The experimental fact, that the At(2627) point is much closer to the ;\-trajectory than to the p-trajectory (see Fig. 2(a) ) suggests that At(2627) has 5=1/2 and its total spin is ]=1/2 or 3/2 (not ]=5/2).
Finally in this section we may conclude, through the above analysis, as follows: i) For the light-quark baryon systems, the experimental data points seem to be well represented by the linear trajectories with the predicted slope values (Table II) , as is seen from Figs. 1(a) to (f), and especially from ]-averaged figures 3(a) and (b), although much more experimental confirmation is necessary. ii) For the heavy-flavored baryon systems, there are a few observed baryons. We have simply drawn our predicted Regge trajectories, respectively, starting from the observed ground states in Figs. 2(a) to (e). The only one observed excited baryon At(2627) is located closely to our predicted ;\-trajectory. The experimental efforts to confirm our predictions are necessary. § 4.
Concluding remarks
In this work we have proposed, in the framework of COQM, a hypothesis of universal spring which is connecting the constituent quarks and/or anti-quarks in the meson and baryon systems. The hypothesis was proposed first in the previous work within the meson system, leading to successful results. In this work it is extended to all the meson and baryon systems. Due to this hypothesis the respective values of oscillator quanta, the inverse of slopes in the orbital Regge trajectories, in all the meson and baryon systems are predicted in terms of quark masses and a universal spring constant.
The phenomenological analysis on the baryon trajectories in this work, in addition to the previous one on the meson trajectories seems to show that our universality is realized in the actual hadron world, in so far as concerned with the present experiments, although they are still very poor. Anyhow a seemingly promising possibility, that the confined mass spectra of meson and baryon systems are describable in terms of simple oscillators with a universal spring, is astonishing, so the experimental efforts to confirm it seem to be very important.
Finally we add some remarks and comments: i) Our prediction on the Regge slopes. is essentially dependent on the form of our fundamental space-time wave equation (2·1). This equation may be derived from a "proto-type classical" Lagrangian for confined-particle systems/ 4 > which seems to have 15 > some raison d'etre. It coincides also with the Schrodinger wave equation in the limit of non-relativistic motion, neglecting the relative-time freedom.
ii) It should be noted that our oscillator with a spring-type potential concerns with the mass-squared of hadrons, while the conventional approaches with a string-type potential concerns with the mass itself. So both the treatments are expected to give qualitatively similar confined-mass spectra for the excited states, whose constituents are separated enough mutually. However, as was stated in § 2, our seemingly valid hypothesis of universal spring implies that the string constant b in the conventional approaches should be better regarded as having some flavor-dependence, at least, in our relevant region of mass spectra.
iii) The respective spring constants for the meson and baryon systems are mutually related by the color factor Eq. (2·31) in our scheme. As was shown in § 3, the experimental Regge slopes for the light-quark meson and baryon systems seem to support this factor. This may be regarded as new simple evidence for the color freedom, concerning the confinement mechanism, which may be seen directly from experiments. iv) In this work we have been concerned only with the orbital Regge trajectories in the "ideally confined systems" without the perturbative QCD effects. As was discussed in § 3, they affece 6 > by a fair amount the mass spectra of the physical particles (especially for the S-wave states). The analyses on this poine 7 > in the meson system is now going on, and will be published elsewhere.
The potential term Eq. (A· 3) is real-symmetric and can be diagonalized by the 0( 3) transformation of the y/s, which leaves the kinetic terms invariant. Making use of these orthonormal eigenvectors we can construct the 3 X 3 orthogonal matrix 0 which diagonalize the matrix in Eq. (A·3).
O=(uo, u+, u_).
Thus we define z;(i=1, 2, 3) and rewrite K.T. minus P.T. as 
Corresponding to Eq. (A·9)
The constants co, c+ and C-in Eq. (A· 8) was chosen so as to give the relative coordinates p, /l of the simple forms (Eq. (A ·14)) in this two-identical quark case. Corresponding to Eq. (2 ·19a) Qp~2(2m+ M)( 3!_3 rz' Q.=2(2m+M)( ~ + 2~3 rz.
In the special case of three-identical quarks with m1=mz=m3=m, the relations (A ·14) become The sum of 5z and Lz of RHS of Eq. (C·2) is taken separately within the given Land 5 ·states. In the following we shall show the following various kinds of the mass splitting interactions, expected to exist due to the perturbative QCD effects, are removed by this operation.
First we derive some elementary formulas. Noting we obtain
In the same way
Thus we obtain
In the same way we note S=Sr+Sz+Sa and obtain L:<5kl Sal5k>=O for v k, l =x, y, z i=1, 2, 3. 
But the effects of the following interactions may not be removed:
The effects of tensor interaction· are removed as follows: because
